Membrane fragments rich in cholinergic (nicotinic) The response of an excitable membrane to acetylcholine or its congeners involves two steps, the recognition of the chemical transmitter by the receptor protein and the subsequent movement of cations across the membrane, usually detected in the cell as a decrease of membrane potential or an increase in conductance. By studying release of 12Na+, Kasai and Changeux (1) have shown that membrane fragments purified from homogenates of electric organ of Electrophous electricus still display chemical excitability in vitro. These membrane fragments, therefore, contain all the structural elements which are responsible for the response to acetylcholine. We thought that a useful approach to identifying such elements, the ionophore in particular, would be to dissolve the membrane fragments and reassociate them into excitable vesicles.
The response of an excitable membrane to acetylcholine or its congeners involves two steps, the recognition of the chemical transmitter by the receptor protein and the subsequent movement of cations across the membrane, usually detected in the cell as a decrease of membrane potential or an increase in conductance. By studying release of 12Na+, Kasai and Changeux (1) have shown that membrane fragments purified from homogenates of electric organ of Electrophous electricus still display chemical excitability in vitro. These membrane fragments, therefore, contain all the structural elements which are responsible for the response to acetylcholine. We thought that a useful approach to identifying such elements, the ionophore in particular, would be to dissolve the membrane fragments and reassociate them into excitable vesicles.
In an initial part of the work Electrophorus membrane fragments were dissolved in deoxycholate and reaggregated into membrane vesicles which retained most of the original a-toxin binding activity of the cholinergic receptor and most of the catalytic activity of acetylcholinesterase (2) . In this paper we describe the reconstitution of solubilized membrane fragments from Torpedo marmorata electric tissue into sealed microsacs which retain 22Na+ and respond to carbamylcholine by an increased release of 22Na+.
MATERIALS AND METHODS
Preparation of Excitable Microsacs. Membrane fragments from the electric tissue of Torpedo marmorata are prepared as described (3) , with the alterations included below. Sixty grams of either fresh electric tissue, or of tissue frozen at -20°soon after dissection and thawed before use, are minced with scissors, suspended in 120 ml of 10 mM CaCl2, 0.02% NaN3, and homogenized at 40 in a Virtis apparatus for 2 min. at maximum speed. The homogenate is sonicated at 40 for three bursts of 10 sec with a 10-sec pause between each burst, with a Branson B-12 Sonifier at force 6. The sonicated homogenate is centrifuged at 5000 X g for 10 min and the supernatant filtered through cheesecloth and then layered on 5 ml of 1.17 M sucrose, 0.02% NaN3 in Beckman high-speed polycarbonate tubes. The tubes are centrifuged 1.5 hr at 30,000 rpm in a Beckman type 30 fixed-angle rotor at 4°. The soft pellet is suspended to homogeneity in 3-4 ml of 0.02% NaN3, yielding a sucrose concentration of 0.8-1.0 M and 10-25 mg of proteins per ml. The suspension is stored in an ice bath under argon. Fresh tissue yields a small pellet containing 10-100 g of protein and having a specific activity of a-toxin binding sites in the order of 1000 nmol/g of protein. This material thus corresponds to the high specific activity fractions which band between about 1.15 and 1.4 M sucrose (3) . Frozen organ yields a larger pellet containing more protein (30-100 mg) and having a specific activity of a-toxin binding sites of 100-300 nmol/g of protein.
A similar pellet is obtained with the fresh organ when the homogenate is centrifuged through a layer of 1.17 M sucrose containing 10 mM CaCl2. Each of these preparations retains sodium and is chemically excitable (see Results).
Dissolution of Microsacs. Resuspended microsacs are added dropwise with rapid stirring under the surface of a solution containing 11.5 mg of cholate per mg of membrane protein and final concentrations of 0.5 M Tris-HCl, pH 8.0, and 5 mM Na ethylenediaminetetraacetate. For an initial 20 mg of protein the final dissolved volume is about 4.5 ml. The mixture is stirred under argon for 20 min at room temperature, and then centrifuged at 100,000 X g for 1 hr at 4°. Before centrifugation, the only organized structures visible in negatively stained preparations of the solution examined under the electron microscope are collagen-like fibrous structures. The small fibrous pellet obtained after high-speed centrifugation is probably this material. The yields of the dissolution procedure are listed in Table 1 .
Reconstitution of Excitable Microsacs. Immediately after centrifugation, the supernatant of the dissolution solution is placed in a 1 mm diameter dialysis tube, tightly tied to prohibit extensive increase in volume and placed in 1 liter of 0.2 M sucrose, 5 mM Tris -HCl at pH 7.5, 0.02% NaN3 at 4°. The dialysis mixture is stirred under argon, at 4°with changes of the outside solution every 12 hr. At 48 hr the now slightly turbid solution is removed from the dialysis bag and placed in a small beaker under argon and a suspension of sonicated lipids extracted from Torpedo microsacs (see below) is added. After mixing at 40 for 0.5 hr, addition of a solution of 1 M MgCl2 is begun. The salt is added in 10 portions at 15-min intervals in geometrically increasing amounts (from 1/1024 to 1/2 of the total to give final concentrations of 25 mM MgCl2 and 2.5 mM CaCl2. After a total of 3 hr of stirring the now turbid suspension is layered on 1.5 ml of 1.17 M sucrose in the bottom of one or two Beckman high-speed polycarbonate tubes. After centrifugation for 1.5 hr at 40,000 rpm in a Beckman type 40 rotor (106,000 X g) at 40, material is found at the interface between the sucrose and the sample volume, suspended in the sucrose layer, and in a soft pellet. The top band is often aggregated into large lumps and has a high content of lipid phosphate ( Table 1 ). The pellet is the reconstituted material. The reconstituted material is resuspended to homogeneity, with a tissue homogenizer if necessary, and then stored on ice under argon. If the reconstituted material is centrifuged into a sucrose gradient like that used to prepare native microsacs (X) the gradient profile is similar to that for native material with the addition of a layer of "high-lipid" material on top of the gradient. Table 1 gives a summary of the various stages of the reconstitution procedure.
Measurement of 22Na+ Efflux. Sodium efflux is assayed by the procedure for Electrophorus microsacs (1) . The microsac suspension is incubated on ice from 8 to 20 hr (to allow complete equilibration between the inside and the outside of the microsacs) with 10 mM NaCl containing enough 22NaCl (prepared by the Radiochemical Centre, Amersham, Great Britain) to give about 3 X 107 cpm/ml in 0.5 M sucrose, 0.02% NaN3. At zero time an aliquot of the mixture (50-250 Al) is diluted 100-fold into an ice-cold salt solution with an ionic strength close to that of Torpedo Ringer's solution but without the urea (255 mM KCl, 4 mM CaCl2, 2 mM MgCl2, 1.5 mM phosphate buffer, pH 7.0) and containing or not a cholinergic effector, usually carbamylcholine, an agonist not degraded by acetylcholinesterase. The osmolarity of the incubation and dilution solutions are almost identical. The diluted suspension is gently stirred and then incubated in an ice bath. Samples (0.5-to 5-ml) are filtered at various times through 0.45-,um HWAP Millipore filters presoaked in the dilution medium, which are then dried and the radioactivity retained determined by scintillation counting. The filtration and wash usually require 30 sec, but some preparations filter slowly (up to 90 see). A sample is taken 8-20 hr after dilution in order to determine the amount of radioactivity trapped on the filter at equilibrium.
In the case of Electrophorus microsacs, the equilibrium quantity is that expected from the apparent volume of the suspension and the dilution factor. With both native and reconstituted Torpedo microsacs this is not the case. About 25% of the counts retained at zero time are still trapped on the filter after equilibration following the 100-fold dilution of native microsacs. This value is as high as 50% for reconstituted sacs.
The level of this background does not vary by more than 20% for a given preparation and decreases slowly with extended incubation (to approximately 10% of its initial value after 60 hr at room temperature). Influx experiments indicate that these counts are trapped by the microsacs filtered immediately upon addition of radioactive sodium.
The radioactivity of a 10-M1 aliquot of the diluted suspension is determined for each condition tested in a given experiment and the raw data are always normalized to the same level of radioactivity, that is to the same amount of incubation suspension initially added. In general the correction factor does not exceed 5%. The radioactivity trapped at equilibrium is then subtracted as background from each time point to obtain the level of exchangeable sodium retained by the microsacs. With the use of vesicles which had been dissolved and reconstituted in the presence of ["4C]cholate of high specific activity and had cholate incorporated into them, it was possible to demonstrate that less than 5% of this radioactivity passed through the Millipore filter and that there was less than 5% variation in radioactivity retained for aliquots filtered at different times or in the presence or absence of carbamylcholine.
The effect of a-toxin on 22Na+ efflux is determined after a 1 hr preincubation on ice of the suspension with 1 MAM a-toxin. is assayed with acetylcholine as substrate (8) . To convert the change in optical density per time per volume of membrane suspension into standard units, it is assumed that acetylcholinesterase has a molecular weight of 260,000 and the pure enzyme a turnover number for acetylcholine of 750 mol/hr per g of proteins (9) . Lipid-phosphate is determined (10) and the mass of total phospholipid calculated by assuming an average phospholipid molecular weight of 800. The lipid-phosphate in dissolved and reconstituted samples is determined by extracting approximately 500 ug of membrane protein in 0.5 ml of H20 with 0.5 ml of CH30H and 1 ml of CHCl3, and assaying phosphate in the CHCl3 phase. All solutions were made with double-distilled water.
RESULTS
Membrane fragments rich in a-toxin binding sites and thus in cholinergic receptor sites (5) are purified by ultracentrifugation from a crude homogenate of Torpedo electric organ. These membrane fragments retain 22Na+ and thus consist of closed vesicles or microsacs (Fig. 1) presence of 100,uM carbamylcholine, a compound known to enhance the permeability of the electroplax membrane (11), i.e., an agonist, the efflux of 22Na+ is faster (Fig. 1 ). This effect is blocked by the a-toxin from N. nigricollis (Fig. la) .
The microsacs derived from the electric organ of Torpedo thus display chemical excitability in vitro. The time course of 22Na+ release from Torpedo microsacs and the amplitude of the response to carbamylcholine [(rO/ r) -11 vary from preparation to preparation. Maximum responses are observed when 22Na+ efflux at rest, that is, in the absence of a cholinergic effector, is slow. When the resting efflux is rapid, which is sometimes the case for a fresh preparation and always the case for-an old preparation, the response is small and sometimes not detectable. Storage of the microsac preparation in 0.5 M sucrose, 0.02% NaN3 at 00 results in a decrease of excitability caused by an increase in the rate of Na+ release at rest with little change in the rate of Na+ release in the presence of 100 4M carbamylcholine (Fig. 2) . After several .days, the two rates coincide and excitability is lost, even though a significant amount of toxin-binding activity remains in the preparation.
Dissolution of Torpedo microsacs occurs in high concentrations of Na cholate and Tris buffer in the presence of Na ethylenediaminetetraacetate (see Materials and Methods).
From this solution, less than 10% of the membrane protein is pelleted by centrifugation at 100,000 X g for 1.5 hr (Table 1) . Some toxin-binding sites, therefore, either are shielded on the inside of inverted native microsacs or are inaccessible to the a-toxin in some other way. In contrast, during the same treatment, the activity of acetylcholinesterase decreases, perhaps because of an effect of cholate on the stability of the protein.
As the first step in the reconstitution of excitable membrane vesicles from dissolved microsacs, cholate is removed by dialysis of the solution (approximately 5 mg of protein per ml) against a Tris-sucrose-NaN3 buffer for 48 hr. A slight loss of protein and a-toxin-binding activity occurs during dialysis, but there is a greater loss of CHCl3-CH30H extractable phosphate, i.e., phospholipid (Table 1) . This is perhaps why the dialyzed material cannot be induced to form consistently sealed vesicles. To obtain microsacs which finally retain 22Na+, we add, after dialysis, extra lipid prepared from a CHClr-CH30H extract of Torpedo membrane fragments. The optimal amount of phospholipid added corresponds to 20% of the weight of membrane proteins present in the dissolved microsacs (see Materials and Methods). The dialyzed material is visually turbid and thus has aggregated as the concentration of cholate was reduced, but this material does not retain sodium. After addition of MgC12 and CaCl2, )Na+ is retained by the material, and thus sealed vesicles are formed. The way salt is added seems critical for a successful reconstitution. If the salt concentration is increased by dialysis, the material which aggregates does not always retain 22Na+. However, if a concentrated salt solution is added dropwise to the dissolved membranes supplemented after dialysis with phospholipids, a consistent retention of 22Na+ by the reconstituted material is observed (see Methods).
When the total amount of material is small, i.e., 15 The second fraction enters a sucrose gradient and bands at a concentration between 1.0 and 1.4 M. When a layer of 1.17 M sucrose is used instead of a gradient, the material makes a soft pellet at the bottom of the centrifuge tube. These reconstituted vesicles have a phospholipid to protein ratio smaller than that of the native microsacs. In agreement with the previous observation (2) the specific activity of toxin-binding sites is higher in the reconstituted material than for native microsacs, but the reverse is true for acetylcholinesterase. The reconstituted microsacs retain 2'Na+ ( Fig. 3) and have apparent volumnes ranging mostly from 0.1 to 0.4 ;&l/mg of proteins. The electron micrograph of a thin section of reconstituted microsacs shown in Fig. 3 between the vesicles is amorphous material which adsorbs stain but does not exhibit a typical membrane structure (2) .
The 22Na + release from reconstituted microsacs -is faster in the presence of carbamylcholine and this effect is blocked by 1 1AM a-toxin (Fig. 4) . Thus The time course of 22Na+ release from reconstituted vesicles in the presence of carbamylcholine often seems to consist of two phases: first a rapid loss and then a slow decrease which parallels the resting efflux (Fig. 3) . This phenomenon presumably reflects a heterogeneity of the population of microsacs, only a fraction of them being sensitive to carbamylcholine.
Kasai and Changeux (1) were able to construct doseresponse curves to cholinergic agonists following 22Na+ efflux from Electrophorus microsacs. These curves closely parallel those obtained by following the steady-state potential recorded from isolated electroplax upon bath application of cholinergic agonists. We have constructed a similar curve for the effect of carbamylcholine on 22Na+ release at 00 from native and reconstituted Torpedo microsacs (Fig. 5) . For both types of material the carbamylcholine concentration which causes the half-maximal effect is, at 00, between 10 and 100 MAM. It is more difficult to obtain precise efflux measurements with Torpedo than with Electrophorus vesicles and thus the dose-response curve for carbamylcholine contains a significant amount of scatter. Nevertheless, carbamylcholine seems to affect Na+ release from both native and reconstituted microsacs to a similar extent, which suggests that the control of Na+ efflux by the cholinergic receptor functions in both systems. The ionic selectivity of the observed effect in reconstituted microsacs remains to be studied.
DISCUSSION
Recovery of membrane-dependent functions upon reconstitution of a membrane structure has been recently reported for a number of systems (12) (13) (14) (15) .
We have defined experimental conditions in which carbamylcholine causes an increase of passive Na+ release from reconstituted microsacs. Receptor and ionophore must, therefore, spontaneously orient in the reformed membrane in such a way that (1) a significant fraction of the cholinergic receptor sites is accessible to carbamylcholine present in the surrounding solution, (2) the ion path spans the membrane to open on both sides, and (3) the regulatory coupling between receptor and ionophore is functional. This does not imply that the native structure of the biological membrane is recovered by reconstitution. The different ratios of lipid to protein and of acetylcholinesterase to cholinergic receptor for native and reconstituted microsacs suggest the opposite.
But the fact that a response to cholinergic agonists is recovered, even though the reconstituted membranes differ in some ways from the native ones, suggests that only a limited number of structural characteristics of the native membrane are critical for excitability. Fractionation of the dissolved membrane before reconstitution should establish what components are critically required and particularly whether the purified receptor protein alone provides the ion path controlled by the cholinergic receptor site.
